Microwave absorbing materials (MAMs) are a kind of functional materials which can dissipate electromagnetic (EM) wave by converting it into thermal energy[@b1]. They have attracted more and more attention due to the important applications in microwave technology and radar detection[@b1]. Nanoparticles of magnetic metals are the potential MAMs for their high Snoek limit and reduced eddy-current losses[@b2]. However, these nanoparticles are apt to agglomerate and have strong affinity to oxide, which greatly limit their applications. To solve these problems, some oxides-coated magnetic metals nanocomposites, such as Fe/SiO~2~, FeNi~3~/SiO~2~, Fe/Al~2~O~3~, and Fe/ZnO, are synthesized, in which enhanced microwave absorption properties are observed[@b2][@b3][@b4][@b5][@b6]. As we know, the microwave absorption capacity is mainly determined by the relative permittivity (*ε~r~* = *ε*′ − *iε*″), the relative permeability (*μ~r~* = *μ*′ − *iμ*″), the EM impedance match, and the microstructure of the absorber[@b2]. When a beam of microwave irradiates the surface of an absorber, a good matching condition of the EM impedance can enable almost zero reflectivity of the incident microwave. And then, the transmitted microwave can be dissipated by dielectric loss and magnetic loss[@b1]. In the aforementioned coated nanocomposites, the real part (*ε*′) of relative permittivity keeps almost unchanged with the variation of microwave frequency, leading to the improper match of EM impedance and a relatively narrow absorbing frequency range[@b2][@b3][@b4]. In addition, as the coating layers, the density of SiO~2~, Al~2~O~3~ or ZnO is fairly high, which is unfavorable for practical applications. Therefore, MAMs with light weight, small thickness, strong chemical stability, wide absorption frequency range and excellent absorption performance are greatly desired.

As a strictly two-dimensional material, graphene has evoked extensive interests for its abundant physical properties[@b7][@b8][@b9]. The low dimension and outstanding electronic properties of graphene make it a promising candidate for fabricating novel electronic devices[@b10][@b11]. A crucial issue for putting graphene into device application is to understand the physics of metal-graphene interface in the device[@b12][@b13]. Theoretic[@b14][@b15][@b16] and experimental[@b12][@b13][@b17][@b18][@b19] studies have shown that the interfacial electronic interaction between metal and graphene would make graphene show some novel magnetic and electric properties. As a result, the investigation of metal/graphene heterostructure is of both fundamental and technological significance. Here we synthesized the graphene-coated Fe nanocomposites (Fe/G) and investigated their microwave absorption properties. Due to the interfacial coupling between graphene and Fe, the dielectric properties of the nanocomposites are greatly improved, which leads to an excellent microwave absorption performance in a wide frequency range.

Results
=======

The growth of Fe/G
------------------

Fe/G nanocomposites were synthesized by the combination of the hydrothermal and reduction reactions. The detailed process is schematically illustrated in [Fig. 1](#f1){ref-type="fig"}. Graphene oxide (GO) is first prepared from high-purity graphite by modified Hummer\'s method[@b20]. After strong oxidation, the hexagonal carbon lattice of graphite is intensively disrupted and a substantial fraction of the carbon network is bonded to functional groups such as --OH and --COOH, resulting in negatively charged GO sheets which are suspended in the solvent[@b20]. When ferrous sulfate solution is added to the GO solution, iron ions are absorbed by GO sheets *via* electrostatic interaction. Under the hydrothermal condition, GO is reduced to graphene while the iron ions are transformed to Fe~3~O~4~ nanoparticles simultaneously. The intermediate products are then reduced by annealing in hydrogen, leading to the formation of Fe/G nanocomposites. In order to compare the microwave absorption properties, a mechanical mixture of Fe and graphene is prepared which is treated as control group. The mass ratio of Fe nanoparticle and graphene in the mixture is based on the Energy dispersive spectroscopy (EDS) result of Fe/G, which is shown in [Fig. 2b](#f2){ref-type="fig"}.

Crystal structure
-----------------

It is well known that Raman technique is particularly useful for identifying the existence of graphene[@b21]. [Fig. 2a](#f2){ref-type="fig"} shows the Raman spectrum of Fe/G, in which four peaks of D (\~1348 cm^−1^), G (\~1584 cm^−1^), 2D (\~2692 cm^−1^) and D + D′ (\~2943 cm^−1^) are observed. This Raman result is consistent with that of reduced GO with defects[@b21][@b22]. [Fig. 2b](#f2){ref-type="fig"} plots the XRD pattern of Fe/G, in which all the peaks can be indexed as the α-Fe (BCC phase, *Im-3m* space group) with lattice constant of *a* = *b* = *c* = 2.886 Å. Although Fe nanoparticles are easily oxidized in air even at room temperature, there are no peaks of iron oxides in [Fig. 2b](#f2){ref-type="fig"}, which suggests that Fe nanoparticles would be coated by graphene. EDS result of Fe/G (inset of [Fig. 2b](#f2){ref-type="fig"}) shows that no element O exists in the sample. Here, a small quantity of element S comes from the raw material of ferrous sulfate.

Magnetism and microstructure
----------------------------

The magnetic hysteresis loop for Fe/G was measured at room temperature. As shown in [Fig. 3](#f3){ref-type="fig"}, a typical ferromagnetic curve with small coercivity is observed. According to the mass percent of Fe in Fe/G, the calculated magnetization of the sample is about 201 emu g^−1^, which is very close to the saturated magnetization of bulk Fe (217 emu g^−1^). This result further suggests the magnetic material in the nanocomposite is Fe instead of iron oxide.

In order to investigate the microstructure, the electron microscopic measurement was carried out on the sample. [Fig. 4a](#f4){ref-type="fig"} shows the typical transmission electron microscopy (TEM) image of Fe/G. It is obvious that the Fe nanoparticles inlay in the corrugated graphene sheet and the grain size of Fe nanoparticles ranges from 40 to 100 nm. From the enlarged image shown in the inset of [Fig. 4a](#f4){ref-type="fig"}, a coated structure together with an interface between Fe and graphene are clearly observed. [Fig. 4b](#f4){ref-type="fig"} is the scanning electron microscopy (SEM) image of control group, in which a mixture of Fe nanoparticles and graphene without coated structure is observed. As shown in the inset of [Fig. 4b](#f4){ref-type="fig"}, the selected area electron diffraction (SAED) pattern indicates well-defined rings that can be assigned to crystalline bcc-Fe nanoparticles.

Microwave absorption properties
-------------------------------

[Figure 5a and 5b](#f5){ref-type="fig"} show the frequency dependence of *ε~r~* and *μ~r~* for the samples in the range of 2 \~ 18 GHz, respectively. As shown in [Fig. 5a](#f5){ref-type="fig"}, is almost independent on frequency. But in the case of Fe/G, a largely enhanced is observed and it decreases with increasing frequency, showing an obvious dielectric dispersion. This phenomenon was seldom observed in other coating structures, such as Fe/ZnO, FeNi~3~/SiO~2~, Fe~3~O~4~/Fe/SiO~2~, and Fe/C[@b2][@b3][@b4][@b23], which plays a key role in achieving good impedance match. As for the imaginary part (*ε*″) of the permittivity ([Fig. 5b](#f5){ref-type="fig"}), the value of is larger than that of , indicating an increased dielectric loss. Unlike the dielectric behavior, there are no significant changes of permeability properties between Fe/G and the control group. and show a similar frequency dependence, while the values of and are almost same, indicating a small difference of magnetic loss between FG and the control group.

Based on the data of *ε~r~* and *μ~r~*, we calculated the reflection loss (RL) of the samples according to the transmission line theory[@b1], where *Z~in~* is the input impedance of the absorber, *f* is the frequency of microwave, *d* is the thickness of the absorber and *c* is the velocity of light in free space. As illustrated in [Fig. 6a](#f6){ref-type="fig"}, the values of RL for the control group are larger than −10 dB with the thickness ranging from 1.5 to 4.0 mm, showing weak microwave absorption ability. However, when Fe nanoparticles are coated with graphene, the microwave absorption properties of Fe/G nanocomposites are substantially enhanced. For different thickness, the peak values of RL for Fe/G are all in the vicinity of −30 dB and the minimum RL is about −45 dB at 7.1 GHz. It is well known that the effective bandwidth (the frequency range in which RL is less than −10 dB) is another important parameter to evaluate the microwave absorption performance. As shown in [Fig. 6b](#f6){ref-type="fig"}, Fe/G nanocomposites have broad effective bandwidth and it reaches the maximum of 4.4 GHz with the thickness of 2.0 mm, which is larger than that of other Fe-based coated composites[@b2][@b6][@b24]. Comparing with other coating layers, such as SiO~2~, Al~2~O~3~ or ZnO, the density of graphene is quite low, which makes Fe/G a light absorber for microwave absorption.

Discussion
==========

Generally, there are two key factors for achieving good absorption performance: one is the incident microwave can transmit into the absorbers with minimum reflection; the other is the absorbers can effectively attenuate the transmitted microwave. The former factor is determined by the impedance matching condition while the latter one is related to the intrinsic EM loss[@b1]. According to the dielectric and magnetic properties of Fe/G and the control group, a distinct change of the relative permittivity is observed when Fe nanoparticles are coated by graphene layer, suggesting that the excellent microwave absorption performance of Fe/G is mainly ascribed to the intrinsic change of dielectric properties.

Compared with the control group, there exists an interfacial electronic interaction between Fe and graphene in Fe/G, which would affect the electric properties of graphene. According to the recent theoretical results, charges would transfer through the interface in a metal-graphene heterostructure due to their different work function[@b14]. This theoretical prediction has been demonstrated in a Fe/graphene/SiO~2~/Si heterostructure, in which the electron transfer from Fe to graphene is observed[@b18]. Therefore, a charge transfer process can be reasonably assumed in the interface of Fe/G, leading to the introduction of free carriers into graphene. The introduced free carriers would vibrate with the stimuli of the microwave and give rise to the electric polarization in graphene, which increases the value of [@b25]. Furthermore, would decrease with the increase of frequency due to the relaxation of polarization, showing a dielectric dispersion[@b25]. Meanwhile, the motion of the introduced free carriers would attenuate the microwave energy, resulting in the enhancement of the dielectric loss[@b25]. In Fe/G, is markedly increased and shows similar dispersion with , which are helpful to obtain a good impedance matching condition. In addition, the enhanced dielectric loss in Fe/G is more favorable for the dissipation of microwave energy. The aforementioned factors would be responsible for the excellent microwave absorption performance of Fe/G. It is reported that the lattice defects in graphene would lead to self-doping, which can also induce some carriers into graphene[@b9]. However, this small quantity of carriers in defected graphene would not substantially change the dielectric and microwave absorption properties based on the experimental results of the control group.

In Fe/G nanocomposites, there is another mechanism which can also bring about the charge transfer. As we know, the half-filled *p~z~* orbitals of graphene are perpendicular to the layer of carbon atoms, forming the bonding (*π*) and antibonding (*π*\*) bands, which touch at a single point (Dirac point) exactly at the corner of the hexagonal Brillouin zone[@b19]. It has been reported that, in the graphene/Ni(111) heterostructure, the strong hybridization between the graphene *π* and Ni 3d valence-band gives rise to the charge transfer between Ni and graphene and leads to some novel electrical and magnetic properties[@b19]. As for Fe/G, Fe and graphene are synthesized simultaneously and the hybridization of Fe 3d valence-band and graphene *π* band would occur during the process of co-growth. The charge transfer induced by the strong hybridization would modify the electronic structure of graphene and then change the dielectric property, leading to the excellent microwave absorption performance of Fe/G.

In conclusion, we have developed a catalyst-free method to synthetize the graphene-coated Fe nanocomposites. The dielectric property of this Fe/graphene coated structure is substantially different from that of uncoated one. Moreover, an excellent microwave absorption performance is observed in Fe/G nanocomposties, which is attributed to the charge transfer at Fe/graphene interface and the polarization of free carriers in graphene. Small RL, broad effective bandwidth, thin thickness, low density, and good chemical stability make Fe/G nanocomposites act as a promising candidate for microwave absorber.

Methods
=======

Sample preparation
------------------

The sample was prepared by hydrothermal and reduction reactions. First, FeSO~4~·7H~2~O (6.205 g) was dissolved in distilled water (75 mL) and N~2~H~4~·H~2~O (20 mL) was added into the solution with vigorous stirring. Then, GO solution (15 mL, 3 g L^−1^) was diluted by distilled water (100 mL) and slowly added into the solution. The mixture was then transferred into Teflon-lined stainless steel autoclaves for hydrothermal reaction. After reacting at 130°C for 8 h, the resulting black powder was washed by distilled water and alcohol following by annealed in H~2~ at 600°C for 4 h. The final product was labeled as Fe/G. The control group was the mixture of Fe nanoparticles and graphene, which were individually synthesized by the same procedure and mechanically mixed.

Measurement
-----------

The structure of the sample was investigated by power X-ray diffraction (XRD) and Raman spectrum with laser at 514 nm. The microstructure of Fe/G was characterized by transmission electron microscope (TEM) and its composition was determined by energy dispersive spectroscopy (EDS). The magnetic measurement was carried out at room temperature by vibrating sample magnetometer (VSM, Lakeshore 7400). The relative permittivity and relative permeability were measured by network analyzer (Agilent PNA E8363B) in the frequency range of 2 \~ 18 GHz. For microwave measurement, the samples were prepared by dispersing Fe/G and the control group (40% wt.) into paraffin matrix (60% wt.) and then pressing them into hollow cylinders with outer diameter of 7 mm and inner diameter of 3 mm.
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![Schematic diagram for the synthetic process of Fe/G nanocomposites.](srep03421-f1){#f1}

![(a) Raman Spectrum for Fe/G. (b) XRD pattern for Fe/G. The inset of (b) is the EDS result for Fe/G.](srep03421-f2){#f2}

![The magnetic hysteresis loop for Fe/G at room temperature.](srep03421-f3){#f3}

![(a) TEM image of Fe/G. The inset is an enlarged image of individual Fe nanoparticle, which clearly shows a well-defined coating structure of Fe/G. (b) SEM image of control group. The inset is the SAED pattern of Fe nanoparticle.](srep03421-f4){#f4}

![Frequency dependence of (a) relative permittivity, and (b) relative permeability for Fe/G and the control group.](srep03421-f5){#f5}

![Calculated reflection loss of different thickness for (a) control group, and (b) Fe/G.\
The dash line is a guide of eye to show the frequency range in which RL is less than −10 dB.](srep03421-f6){#f6}
